Peptidoglycan (PG) is a polymer present in the cell wall of almost all bacterial species. It is composed of glycan chains cross-linked by short peptides. PG is responsible for cell wall rigidity. PG possesses various immunomodulating activities (9) and therefore probably plays an important role in triggering host responses to bacterial infections.
The monomeric subunit of PG, usually a disaccharide-tetrapeptide, also possesses immunoadjuvant properties (21) ; the smallest structure with these activities is N-acetyl-muramyl-Lalanyl-D-isoglutamine (muramyl-dipeptide) (1) . The structure of the peptide portion of PG can vary among gram-positive species (25) . Some PGs, such as those of Micrococcus luteus and Corynebacterium poinsettiae, are devoid of immunomodulating properties (10, 11, 15) .
The mechanism of action of PG has been the subject of many studies. PG is a mitogen (6, 11) and a polyclonal activator (8) of B cells and induces macrophages to secrete various cytokines, including interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (13, 27, 31, 32) . Although much less toxic, PG shares many properties with bacterial lipopolysaccharide (LPS). Both molecules are known to interact with the macrophage receptor CD14 (12) . One of the most striking properties of PG is its ability to substitute for mycobacteria in complete Freund's adjuvant and to induce a delayed-type hypersensitivity reaction to antigens present in the water-in-oil emulsion (22) . Delayed-type hypersensitivity is classified as a typical Th1 response (19) , and IL-12 has been shown to be of critical importance for the induction of this type of response (14, 16, 28) .
The aim of this study was to determine the capacity of PGs with various structures to induce IL-12 production by macrophages.
MATERIALS AND METHODS
PGs. The bacterial species used were Bacillus megaterium ATCC 14581, Staphylococcus aureus Copenhagen, M. luteus A270 (Institut Pasteur), and C. poinsettiae NCPP 846. PGs were purified as previously described (11) . Briefly, bacteria were disrupted by sonication, and cell walls were collected by differential centrifugation and digested with trypsin (0.5 mg/ml) and RNase (5 g/ml) in 0.05 M phosphate buffer (pH 7.8) at 37°C for 16 h. The residue was treated with 1% sodium dodecyl sulfate in a boiling water bath for 10 min and then centrifuged. The pellet was washed thoroughly with distilled water. Teichoic acid was extracted with 10% trichloroacetic acid at 4°C for 3 days. The insoluble residue was washed three times in distilled water and lyophilized.
The chemical composition of the peptide moiety of each preparation was checked by amino acid analysis. The expected ratio of amino acids present in the various PGs was found, and only traces of other amino acids were detected. Before use, PGs were resuspended by brief sonication in Hanks' balanced salt solution and placed for 3 min in a boiling water bath. All PG preparations were tested for LPS contamination in the Limulus amoebocyte lysate assay (Kinetic-QCL; Bio-Whittaker, Emerainville, France). In all preparations, LPS activity was less than 2 endotoxin units per mg of PG.
PG lysozyme digestion. A sample of PG from B. megaterium (1 mg/ml) was treated for 3 min in a boiling water bath and incubated overnight at 37°C, in sterile conditions, with 40 g of egg white lysozyme (Sigma Chemical Co., L'Isle d'Abeau Chesnes, France) per ml in 0.15 M phosphate buffer (pH 6.2).
Macrophages. The mouse macrophage cell line J774 was cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum, 2 mM glutamine, 50 g of gentamicin per ml, and 100 U of penicillin per ml. A cell suspension (5 ϫ 10 5 in 1.5 ml) was plated on 40-mm-diameter tissue culture dishes and allowed to adhere for 2 h.
The macrophage monolayers were then treated with various concentrations of LPS (LPS from Salmonella typhimurium; Difco Laboratories, Detroit, Mich.) and PGs and incubated for 24 h at 37°C with 5% CO 2 . Culture supernatants were harvested for IL-12 assay. Cells were harvested at various times for RNA extraction.
RT-PCR. Total RNA was isolated from macrophages by a single-step method with the Extract-all reagent (Eurobio, Les Ulis, France) as recommended by the manufacturer, and cDNA was synthesized in a volume of 20 l as follows. Ten microliters of RNA preparation was mixed with 1 l of oligo(dT) (Pharmacia, Uppsala, Sweden) and heated for 5 min at 70°C. A mixture of 4 l of reverse transcriptase (RT) buffer, 2 l of 0.1 M dithiothreitol, 1 l of Superscript RNase H Ϫ RT (Life Technologies, Cergy-Pontoise, France), 50 M deoxynucleoside triphosphates (Pharmacia), and 1 l of RNAguard (Pharmacia) was added; the mixture was incubated for 90 min at 38°C and heated for 5 min at 95°C.
PCR amplifications were performed in a total volume of 50 l. The PCR mixture consisted of 3.5 l of PCR buffer (100 mM Tris-HCl [pH 9], 15 mM MgCl 2 , 500 mM KCl, 1% Triton X-100, 0.1% gelatin), 50 mol of each deoxynucleoside triphosphate, 2.5 l of glycerol, and 2.5 U of Taq DNA polymerase (ATGC, Noisy le Grand, France) per reaction. Five microliters of 10-folddiluted cDNA and 10 pmol of each primer were then added. The following oligonucleotides were used as described previously (23): for ␤-actin, 5Ј-GATC CACATCTGCTGGAAGGT-3Ј and 5Ј-GGTGACGAGGCCCAGAGCAAG-3Ј (nucleotides 242 to 1151); for IL-12 p40, 5Ј-GACCCTGCCCATTGAACTGG C-3Ј and 5Ј-CAACGTTGCATCCTAGGATCG-3Ј (nucleotides 639 to 1034). The reaction mixtures were overlaid with 100 l of paraffin oil and incubated for 5 min at 95°C. A total of 29 cycles for ␤-actin and 33 cycles for IL-12 p40 (95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, with an additional final step of 10 min) were run in a Crocodile II thermal cycler (Appligene, Pleasanton, Calif.). PCR products were then separated in 1.5% agarose gel by electrophoresis and visualized by ethidium bromide staining.
IL-12 assay. IL-12 was quantified in culture supernatants by using a sandwich enzyme-linked immunosorbent assay (ELISA) (Genzyme, Cambridge, Mass.) according to the manufacturer's instructions. This assay is specific for both free and heterodimer-associated p40 chains, and its detection limit is 10 pg/ml.
RESULTS
Induction of IL-12 mRNA by PG. PG from B. megaterium induced the production of IL-12 mRNA by J774 cells. IL-12 mRNA was detected as early as 3 h after the addition of PG (Fig. 1) . Only a weak signal was obtained with 1 g/ml, and the signal intensity increased with the PG concentration. No signal was detected in the negative control (unstimulated J774 cells), whereas IL-12 mRNA was strongly induced by LPS.
Correlation between PG peptide subunit structure and IL-12 mRNA induction. The peptides subunit of the PGs used to stimulate J774 cells are shown in Table 1 . The PGs from B. megaterium and S. aureus, which are known to possess immunomodulating activities, induced IL-12 mRNA synthesis (Fig.  2) , whereas PGs from M. luteus and C. poinsettiae, which are devoid of immunomodulating activities, did not.
Lysozyme digestion of PG from B. megaterium strongly reduced its activity, showing that its polymeric structure is necessary to induce IL-12 mRNA (Fig. 3) .
Induction of IL-12 secretion by PG. To determine whether IL-12 was secreted by J774 cells, culture supernatants were harvested after 24 h of exposure to PG, and IL-12 was quantified by ELISA. PGs from B. megaterium and S. aureus, which induce IL-12 mRNA, also induced IL-12 secretion. PGs from C. poinsettiae and M. luteus were inactive. PG from B. megaterium had no activity after lysozyme digestion (Table 2) .
DISCUSSION
IL-12 is a heterodimeric cytokine produced in response to infection by various pathogens (3, 5, 23) . In vitro, both live and killed bacteria induce IL-12 production by macrophages (4, 5, 7, 14, 17, 26) . Among the bacterial components able to induce IL-12 production, LPS, present in gram-negative bacteria, is highly effective (7, 26) . Heat shock proteins and doublestranded RNA have also been reported to induce IL-12 synthesis (26) .
We found that PG also triggered IL-12 production. PG activity was not related to LPS contamination. To minimize the risk of LPS contamination, PGs were extracted from grampositive species. Only traces of LPS activity were found in the PG preparations with the Limulus amoebocyte lysate assay. Moreover, the capacity to induce IL-12 secretion was lost after lysozyme treatment, showing that the biological activity depended on the polymeric structure of PG and not on LPS contamination. The capacity of PG to induce the production of other cytokines is also reduced by lysozyme treatment (27, 31) .
In most PGs, the first two amino acids of the peptide subunit are L-Ala-D-Glu. These PGs were previously found to exhibit immunomodulating activities (10, 11, 31, 32) , and here we show that they induce IL-12 production. The PGs from M. luteus and C. poinsettiae, which are devoid of immunomodulating activities (10, 11, 15, 31, 32) , failed to induce IL-12 production. The peptide subunit sequences of these PGs exhibit unusual features. In M. luteus, the ␣-carboxyl group of the glutaminyl residue is linked to a glycyl residue. In C. poinsettiae PG, the first amino acid is glycine instead of L-alanine. Moreover, the ␣-carboxyl group of the glutaminyl residue is involved in interpeptide bridge formation. The key role of the first two amino acids of the peptide subunit has been confirmed in studies of synthetic PG derivatives (1) .
IL-12 is a key cytokine in the host response to bacterial infection (2). Macrophage IL-12 production is necessary to induce natural killer cells to synthesize gamma interferon (28, 29) , which plays a major role in innate resistance to infection, by activating macrophage bactericidal functions. IL-12 also plays an important role in the regulation of adaptive immune responses, by favoring the differentiation of CD4 ϩ T cells toward the Th1 pathway (28) . IL-12 participates in the induction of delayed-type hypersensitivity (16) and contact sensitivity (20) , both of which are mediated by Th1 cells. Th1 cells are also involved in resistance to intracellular pathogens by the production of gamma interferon. The role of IL-12 in resistance to various bacterial infections is shown by the detrimental effect of anti-IL-12 monoclonal antibody administration (3, 5, 18, 24, 30, 33) . By inducing IL-12 production, PG both triggers innate immunity and regulates adaptive immunity. It is thus likely that PG plays a major role in triggering host responses to bacteria, especially gram-positive species, which lack LPS.
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